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Mitochondriaa b s t r a c t
In lieu of an adaptive immune system, apoptosis plays a central role in regulating cellular or envi-
ronmental stimuli in Lepidopteran insect cells during viral infection. Bombyx mori IBM1 gene, a Dro-
sophila Reaper orthologue, is localised in mitochondria and can induce a mitochondrial membrane
potential loss. Further, expression of IBM1 is up-regulated rapidly to protect insect cells from viral
infection. Ours is the ﬁrst evidence to indicate that IBM1 could interact with BmNPV IAP2 following
B. mori nucleopolyhedrosisvirus (BmNPV) infection. Our data indicate that IBM1 function might be
reduced by viral anti-apoptotic genes when BmN cells are infected by BmNPV.
Structured summary of protein interactions:
IAP2 and Ibm1 colocalize by ﬂuorescence microscopy (View interaction)
Ibm1 physically interacts with IAP2 by anti tag coimmunoprecipitation (View Interaction: 1, 2)
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Programmed cell death, or apoptosis, plays an important role
during the development of multi-cellular organisms. It is charac-
terised by morphological changes and biochemical events pro-
grammed to kill unwanted cells. The mechanisms of apoptosis
are highly conserved between lower eukaryotes and mammals
[1]. The apoptotic process is activated by highly speciﬁc cysteine
proteases, called caspases, which are ubiquitously expressed and
cleave vital structural and regulatory classes of proteases. Mem-
bers of the anti-apoptotic protein family are known as inhibitor
of apoptosis protein (IAP) are evolutionarily conserved. IAPs are
deﬁned by the presence of the baculovirus IAP repeat (BIR) domain.
IAPs can bind to both initiator and effector caspases via their BIR
domains because such caspases contain one or more BIR domains
[2,3]. The physical interaction between the Drosophila IAP 1
(DIAP1) and the Drosophila caspase DRONC is mediated by the
BIR2 domain. Further, many IAPs also contain a RING motif at their
carboxy-terminals, which bind E2 ubiquitin conjugating enzymes.
IAPs are classiﬁed as E3 ubiquitin ligases, which ubiquitinate cell
death proteins, including caspases. The ring ﬁnger domain of DIAP1mediates the ubiquitination and inactivation of the Drosophila cas-
pase DRONC [4–6].
When cells cannot survive or are doomed to die, IAPs are inac-
tivated by speciﬁc antagonists that include Reaper, Hid, Grim,
Sickle and a ﬁfth IAP antagonist, Jafrac2, members of the RHG fam-
ily [7]. In mammals, Smac/Diablo and the serine protease HtrA2/
Omi were deﬁned as having the same mechanism as Reaper in Dro-
sophila. Smac/Diablo and HtrA2/Omi counter the anti-apoptotic
activity of XIAP by binding to the BIR domains of XIAP [8].
IAP antagonists share one evolutionarily conserved motif at the
N-terminus, which is critical for IAP binding, known as the IAP
binding motif (IBM) or the RHG domain. The N-terminal Ala1 of
IBMs mediates the binding between RHG family proteins and the
BIR surfaces of IAPs in Drosophila and mammals [9,10]. However,
deletion of the IBM region did not signiﬁcantly affect the capacity
of IAP antagonists to induce apoptosis in human breast carcinoma
cells [11]. A 15-amino-acid motif identiﬁed in both Reaper and
Grim, termed the Grim_helix3 (GH3) domain, is required for their
mitochondrial localisation. Deletion of the GH3 domain not only
impairs Reaper’s mitochondrial translocation ability but also dis-
rupts Reaper’s ability to stimulate DIAP1 auto-ubiquitination
[12]. In Bombyx mori, the Reaper orthologue IBM not only contains
an IBM motif that binds to BmIAP1 but also shares a GH3-like do-
main that plays an important supportive role in triggering cell
death [13].
Apoptosis plays an indispensable role in the response to viral
infection in insects because of their lack of adaptive immunity.
Y. Wu et al. / FEBS Letters 587 (2013) 600–606 601Many viruses contain one or more genes related to anti-apoptosis.
Viral IAPs can block cell death associated with viral infection and
apoptosis induced by other cytotoxic stimuli [14]. Some non-per-
missive insect cell lines may undergo apoptosis when they are
incubated with baculoviruses. For instance, wild-type AcMNPV
(Autographa californicamulticapsid nucleopolyhedrovirus) induced
apoptosis in Spodoptera littoralis (Spli) cells [15].
Baculoviruses are a large family of DNA-containing viruses that
speciﬁcally infect Arthropods, most commonly Lepidopteran in-
sects. Baculoviruses contain one to three iap genes, which are phy-
logenetically divided into ﬁve groups (IAP1 to IAP5) [16]. The ﬁrst
IAP protein was discovered in an attempt to isolate homologues of
p35 from the baculovirus genome [17]. IAP proteins may play a
more important role in the regulation of apoptosis in Arthropods
than they do in Vertebrates. Although NPV-infected cells undergo
apoptosis to limit viral infection, baculoviruses strongly inhibit
certain caspases through the expression of iap genes, much like
cellular IAPs, to block the apoptotic process [18].
Although IBM1 is, so far, the only RHG family protein that has
been identiﬁed in B. mori, IBM1 has both an IBM and a GH3 do-
main, which can bind to BmIAP1 and induce apoptosis in insect
cells [13]. In this study, we show that IBM1 can induce apoptosis
both in Sf9 and BmN cells and is localised to the mitochondria in
BmN cell. Expression level of Bombyx mori nucleopolyhedrovirus
(BmNPV)-induced IBM1mRNA rises to a very high level and induce
cell death or apoptosis. We also provide evidence for the ﬁrst time
that indicates that an RHG protein can interact with a viral anti-
apoptotic protein to trigger apoptosis as an innate immuno re-
sponse in B. mori.2. Materials and methods
2.1. Constructs
Ibm1 ORF was cloned by RT-PCR using total RNA from BmN
cells. BmNPV ie2 and BmNPV iap2 ORFs were ampliﬁed by PCR
using BmNPV viral DNA. The ORFs were cloned into pIE1 vectors
generating pIE1-IBM1, pIE1-IE2 and pIE1-IAP2. ORFs were also
cloned into the vectors pFastBac1-GFP/RFP and pFastbac1-ie1 (pro-
moter), generating PFB1-IBM1-GFP/RFP, PFB1-IAP2-GFP and PFB1-
ie1-IBM1. A Bac-to-Bac system was used to integrate foreign genes
into the baculovirus genome to produce the recombinant baculovi-
ruses. The PFB1-IBM1-GFP/RFP, PFB1-IAP2-GFP and PFB1-ie1-IBM1
plasmids were transformed in BmNPV-DH10Bac E. coli competent
cells by heat shock (BmNPV recombinants in Escherichia coli
DH10B cells were supplied by Prof. E.Y. Park and Prof. K. Maenaka).
The PCR positive bacmid DNAs were isolated for transfection into
BmN cells. All the plasmids were conﬁrmed by sequencing.
2.2. Cell culture, baculovirus infection and titrations
BmN and Sf9 cells were maintained at 28 C in TC-100 (PAA) in-
sect medium supplemented with 10% fetal bovine serum (Gibco).
Wt-AcMNPV, wt-BmNPV and recombinant viruses in the bac to
bac system were infected at a multiplicity of infection (MOI) of
20 and the supernatant was harvested after 72 h. The titers were
determined by quantitative PCR (QPCR) as described previously
[19].
2.3. Cell death assay
A total of 0.9 lg of DNA and 0.1 lg of pIE1-GFP was transfected
into cells in a 25 mm ﬂask dish, and cells were ﬁxed and stained
with 0.4% (w/v) trypan blue dye 20 h post transfection (p.t.). Blue
cells were counted using the pIE1-GFP transfected sample as thecontrol. Cell survival was calculated as the percent of blue cells.
The data showed were the average of three independent
experiments.
2.4. CCK-8 cytotoxicity assay
BmN cells were seeded in 96-well plates at a density of 5  104
cells per well with 100 lL TC-100 insect medium plus 10% FBS and
treated with the recombinant viruses at a MOI of 20. After infected
with different hours, the supernatant was removed and changed to
fresh medium containing 10 lL CCK-8 (cell counting kit-8, Dojin-
do). Cells were incubated at 28 C for 2 h. Absorbance was read on
iMark Microplate Absorbance Reader (Bio-Rad) at 450 nm and use
655 nm as the reference wavelength. Untreated cells were as a con-
trol. The experiments were performed in three different samples.
2.5. Cell staining analysis
IBM1-induced cell death in BmN and Sf9 cells was quantiﬁed
using acridine orange and propidium iodide (AO/PI) double stain-
ning. Cells were seeded into 6-well plates at a density of 1  106
then transfected with 4.0 lg pIE1-IBM1 for 2 or 4 h p.t. (24 h p.t.
as a control) at 28 C then washed twice with ice-cold PBS. Cells
were resuspended in 10 lL of AO (500 lg/mL) and 10 lL of PI
(500 lg/mL). The apoptosis changes of stained cells were observed
by ﬂuorescence microscope.
JC-1 (Molecular Probes) was used to detect a change in mito-
chondrial membrane potential. JC-1 dye staining was performed
according to the manufacturer’s instructions, and the mitochon-
drial membrane potential was monitored by ﬂuorescence micro-
scope with excitation at 488 nm and emission at >590 nm.
For subcellular localisation, BmN cells were infected with GFP-
fusion recombinant viruses at a MOI of 20. At 72 h p.i., cells were
stained with 200 nM MitoTracker Red dye (Red CMXRos version,
Molecular Probes) in TC100 medium plus 10% FBS at 28 C for
30 min. Prior to imaging, medium was removed and replaced with
fresh medium with 10% FBS then observed under ﬂuorescence
microscope at 488 nm for the GFP-fusion protein and >590 nm
for MitoTracker Red.
2.6. Immunoprecipitation
Cellswere collected at a density of 1  107 and treatedwith 1 mL
lysis buffer (50 mM pH 7.4 Tris–HCl, 150 mM NaCl, 1% NP-40) sup-
plemented with a protease inhibitor cocktail, left on ice for 15 min,
then centrifuged at 12000g for 5 min at 4 C. Then, 450 lL lysis
buffer and 10 lg anti-RFP (Santa Cruz) were added to the superna-
tant and rocked at 4 C overnight. The supernatant was incubated
with 30 lL pre-treated protein A/G plus Agarose beads (Santa Cruz)
for 4 h at 4 C Beads were washed with 500 lL lysis buffer and cen-
trifuged at 3000g for 3 min three times. Laemmli sample buffer
was used to solubilise 25 lL of each sample, in the presence and ab-
sence of b-mercaptoethanol, and samples were heated at 100 C for
10 min. SDS–PAGE was performed according to Laemmli using 12%
separating gel in a Mini-Protein system (Bio-Rad). For Western blot
analysis, proteins were transferred onto nitrocellulose membranes
(Millipore), incubated with 1:1000 anti-GFP (Santa Cruz) antibody
overnight (4 C), and then incubated with 1:5000 HRP-conjugated
secondary antibodies for 1 h at room temperature to detect the
bound primary antibody. Enhanced Chemiluminescence System
(ECL) was used to detect the signals.
2.7. RNA extraction and quantitative PCR
Total RNA was extracted from BmNPV-infected (MOI of 20)
BmN cells in 6-well plates and frozen BmNPV-infected silkworm
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then using Trizol according to the manufacturer’s instructions for
in vitro or in vivo tests. B. mori pupae were at 10–12 days in pupal
stage. Samples and control were collected at 0, 2, 4, 6, 8, 12 and
24 h p.i.cDNA was prepared by using a First Strand cDNA Synthesis
Kit (Takara), and 2.0 lL of puriﬁed total RNA was used as the tem-
plate to synthesise the ﬁrst cDNA according to the manufacturer’s
protocols. Quantitative PCR was performed with an ABI 7500 fast
thermocycler (Applied Biosystems) using SYBR Green (Prime Script
RT Master Mix, Takara). The Bm Actin A3 gene was used as endog-
enous control in order to normalize data. The DCt method was
used to calculate relative changes in gene expression determined
from QPCR experiments [20]. Each sample was ampliﬁed in tripli-
cate. Primer sequences used for QPCR as described previously [13].
2.8. Statistical analysis
Numerical data were reported as the mean ± standard deviation
(S.D.). In vivo experiments were performed once with 6 animals in
each group (n = 6). The Student’s t-test was applied to test the sig-
niﬁcance between the groups. ⁄P < 0.05 and ⁄⁄P < 0.01.
3. Results
3.1. Apoptotic activity of IBM1 in Lepidopteran cell lines
Reaper can induce apoptosis not only in Lepidopteran and non-
Lepidopteran cells but also in mammalian cells. This fact suggests
that this death pathway is conserved in eukaryotic animals [21]. To
examine the apoptotic activity of IBM1, an expression vector con-
taining pIE1-IBM1 was constructed, and the DNA was transfected
into BmN and Sf9 cells. The cells were stained with AO/PI at 2 or
4 h p.t. (Fig. 1A). AO/PI play the similar function as Hoch-
est33342/PI in cells in vitro to measure cell viability [22]. Many
cells were stained yellow, which indicated that apoptosis was
being induced in those cells. The index of apoptosis was only 20–
30% at 2 h p.t., but increased to nearly 80% in both cell lines at
4 h p.t. (Fig. 1B). These results were similar to that of another
experiment in which Reaper induced apoptosis in Drosophila S2Fig. 1. IBM1 induce apoptosis in Lepidopteran cell lines. (A) AO/PI staining of BmN and Sf
cells), yellow (cells in the early stage of apoptosis), and deep red (cells killed by necrosis
stained condensed nuclei. After 2 h p.t., IBM1 cells were observed in the early stages of a
but some cells appeared necrotic instead of apoptotic (Deep red cells). Vector alone was tr
index. To determine the apoptotic index, the number of apoptotic cells was divided by th
(C) Expression of pro-apoptotic and anti-apoptotic proteins in BmN and Sf9 cells. The
transfected with anti-apoptotic proteins at a ratio of 1:1. The results shown are the averacells [23]. However, this apoptotic activity of IBM1 is signiﬁcantly
suppressed by co-transfection with BmNPV IAP2 at a ratio of 1:1
and is slightly decreased by co-transfection with BmNPV IE2 (a
hypothetical anti-apoptotic gene) at a ratio of 1:1 (Fig. 1C). The cell
death induced by IBM1 can be blocked by IAP2, which is the mem-
ber of iaps family and derived from BmNPV, in Sf9 and BmN cells.
This function is especially apparent in Sf9 cells, which have a high-
er pro-apoptotic activity than BmN cells. Previous researchers
showed that baculovirus IAPs, Op-IAP or Cp-IAP, can bind to Hid,
Reaper, and Grim [24,25]. They may work in a fashion similar to
that of DIAP1, indicating that the functional mechanism of IBM1
in B. mori is the same as Reaper in Drosophila.
3.2. Ibm1 limit baculovirus infection at early stage
Using quantitative PCR (QPCR), the expression of ibm1 following
BmNPV infection in vivo and in vitro was monitored. The expres-
sion level of IBM1 reached its peak at 2 h post-infection (p.i.), then
decreased starting at 4 h p.i., with the expression level reaching
normal levels at 8 h p.i. in vitro. BmN cells produce a quick apop-
totic response once infected with BmNPV. However, the level of
BmNPV-induced ibm1 mRNA in silkworm pupae were much lower
than it in BmN cells (Fig. 2A). Although the level of BmNPV-in-
duced ibm1 mRNA in vivo was not as high as its in vitro, the mRNA
level was also reached its peak at 2 h p.i. and reduced starting at
4 h p.i. Interestingly, when we monitored BmNPV ie2 and iap2 by
QPCR, nearly the same expression levels were detected for ie2
and iap2 (data not shown). It may lead to a hypothesis that the bac-
ulovirus anti-apoptotic genes are also expressed at this stage to
block host apoptosis.
To determine whether the high level of ibm1 following BmNPV
infection is propitious to host cells in limiting baculovirus infec-
tion, we compared IBM1 recombination virus with wild-type
BmNPV in one-step growth curve experiments with BmN cells at
a MOI of 20, infectious budded virus (BV) production was mea-
sured at different time post-infection (Fig. 2B).The titers of IBM1
and BmNPV is nearly the same at the beginning but BmNPV in-
creased rapidlly from 8 to 24 h p.i. In contrast, BV growth curves
with titer of IBM1 only approximately reached 1  105 pfu/mL at9 cells. Three colours can be recognized under a ﬂuorescence microscope: green (live
). The cells in the early state of apoptosis are represented by green- or red–orange-
poptosis. A large number of cells showed signiﬁcant apoptotic symptoms at 4 h p.t.,
ansfected as a control. Magniﬁcation: 200 for BmN, and 400 for Sf9. (B) Apoptosis
e total number of counted cells and multiplied by 100% to calculate the percentage.
cell survival rate of vector-transfected samples was set as 100%; IBM1 was co-
ge of three independent experiments, and the error bars reﬂect standard deviation.
Fig. 2. Analysis of IBM1 following BmNPV infection in vitro and in vivo. (A) Time
course analysis of ibm1 mRNA expression (normalized to Bm Actin A3) following
BmNPV infection by quantitative PCR (QPCR). Uninfected BmN cells and B. mori
pupae were used as control. (B) One-step growth curve analysis of BmNPV and
IBM1 recombination virus in BmN cells. Cell culture supernatants were harvested at
the indicated time post-infection and titerd by QPCR assay for the presence of
infectious budded virus (BV). (C) Cell survival of IBM1 recombination virus and
BmNPV in BmN cells were measured by CCK-8 assay. Normal BmN cells were as a
control. Results were expressed as percentage of cell survival. Each experiment was
performed in triplicate. Error bars represent standard deviations. ⁄P < 0.05,
⁄⁄P < 0.01.
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IBM1 reduced the initial rate of BV production and induced cell
death or apoptosis before virus propagate progeny. In addition,
the results of CCK-8 assay also support these data (Fig. 2C). Thesefurther evidences indicate that apoptosis plays a key role in limit-
ing baculovirus infection at early stage.
3.3. IBM1 induces mitochondrial apoptosis
Subcellular localisation analysis showed that Reaper associated
with the outer mitochondrial membrane in a GH3-dependent man-
ner in Drosophila S2 cells. GFP-Reaper appears to localise to foci
associated with mitochondria, rather than being distributed over
the entire mitochondrial membrane in HeLa cells [12,26]. We used
a bac to bac system to investigate the subcellular localisation of
IBM1 in BmN cells. IBM1 was fused with green ﬂuorescent protein
(GFP) at the carboxy-terminus. The recombinant virus was infected
into BmN cells, and the resulting proteins were observed by ﬂuo-
rescent microscope at 72 h p.i. To visualise mitochondria, cells
were labelled with MitoTracker Red. IBM1-GFP was found to local-
ise to mitochondria, similar to the localisation of Reaper in HeLa
and Drosophila S2 cells (Fig. 3A). These results demonstrate that
IBM1 may have a similar functional mechanism to that of Reaper
in Drosophila.
To investigate whether mitochondria are involved in baculovi-
rus-induced apoptosis, JC-1 staining was used to detect the integ-
rity of the mitochondrial membrane. Instead of a polyhedrin
promoter, an ie1 promoter was used in a pFastbac1 vector gener-
ated Ac/Bm-ie1-IBM1 recombinant virus. After 4 h p.i., JC-1 stain-
ing was performed. Under IBM1 recombinant virus infection, the
monomer emission in BmN and Sf9 cells was increased rapidly.
Additionally, the increased monomer emission that observed in
Sf9 cells was much more apparent than BmN cells. This postulation
is likely to be true because the anti-apoptotic genes, such as p35
and iaps, can bind to apoptotic genes in the host to prevent exces-
sive death and promote continued propagation [27].
3.4. IBM1 interacts with BmNPV IAP2
The BIR domains in different IAP proteins have been shown to
bind to a wide variety of different pro-death proteins, such as
Reaper, Hid, Grim, Doom, TNF and some types of caspases [28].
Previous researchers suggested that Op-IAP could bind to Hid
through the C-terminal end of the BIR2 domain [25]. To examine
whether IBM1 could bind to any anti-apoptotic protein in baculo-
virus, we investigated the hypothetical anti-apoptotic gene iap2 in
BmNPV. Co-localisation analysis performed at 48 h p.i. in BmN
cells, comparing the localisation of IBM1-RFP with IAP2-GFP, re-
vealed that IBM1 could interact with BmNPV IAP2 (Fig. 4A). Co-
immunoprecipitation analysis was used to conﬁrm this result
(Fig. 4B). This is the ﬁrst evidence indicates that RHG protein in
B.mori can directly interact with NPV anti-apoptotic protein.4. Discussion
Reaper orthologue B. mori ibm1 was identiﬁed in 2009 and also
induce apoptosis through N-terminal IBM domian as well as GH3
domain. The interaction between BmIAP1 and the IAP-antagonist
(IBM1) is mediated through an evolutionarily conserved IBM motif
present in the extreme N-terminus of IBM1, much like the interac-
tion between Reaper and DIAP1 [13]; however, the functional
mechanism of the GH3 domain between Reaper and IBM1 is com-
plex. The Reaper GH3 domain is required for mitochondrial locali-
sation and induces DIAP1 degradation, while the IBM1 GH3
domain has an auxiliary pro-apoptotic function in B. mori. The
Red Queen hypothesis describes coevolutionary relationship as
arms races with host and virus rushing to evolve beyond the other.
Thus the rapid evolution of IAP antagonists can improve host de-
fense against baculovirus infection.
Fig. 3. Subcellular localisation of IBM1-GFP and JC-1 stain assay. (A) Recombinant virus IBM1-GFP infected BmN cells expressing IBM-GFP were stained with MitoTracker Red
and viewed by ﬂuorescent microscope. (B) JC-1 estimated membrane potentials of mitochondria in IBM1 infected Sf9 and BmN cells. Cells infected with wild type AcMNPV
and BmNPV for 4 h were used as the control. Cells were infected with IBM1 recombinant virus and control for 4 h, washed, incubated with 1 lg/ml of JC-1 for an additional
30 min at 28 C, washed again, and analysed for changes in JC-1 ﬂuorescence. IBM1 infection resulted in a reduction of JC-1 dye aggregation in the mitochondria and
decreased the ratio of aggregate to monomer JC-1 in the cells. Magniﬁcation: 400 for BmN, and 400 for Sf9.
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have been identiﬁed in Drosophila. However, only IBM1, an ortho-
logue of Reaper, was found in B. mori and bioinformatics revealed
no obvious orthougues of Grim, Hid, Sickle, Jafrac2 in the B. mori
genome. While Reaper is able to bind to Hid, and it requires Hid
to form multimeric complexes for recruitment to the mitochon-
drial membrane and for efﬁcient induction of cell death in vivo
[29]. Although we did not ﬁnd any Hid-like proteins, we may sug-
gest that IBM1 may bind to a Hid-like protein and form complexes
to promote a mitochondrial death pathway or that a Hid-like pro-
tein may mediate a mitochondrial death pathway in B. mori.
Previous researches identiﬁed that total of 22 viral proteins
were predicted to interact with host protein in BmNPV infection
[30]. Apoptosis in virus–host interactions has been studied for over
ten years. Baculoviruses contain two types of anti-apoptotic genes,
p35, and iaps. Of all the baculoviruses that have been sequenced,
only 54 contain p35, while iap genes have been found in all se-
quenced baculoviruses. However, researchers did not ﬁnd any dis-
tinctly apoptotic genes in NPV, suggesting that the function of the
baculovirus genes p35 and iaps is to regulate the apoptosis of insect
cells. As insects lack an adaptive immunity, apoptosis, or necrosis,
would have an important role in their antiviral response. It has
been demonstrated that immediate induction ofmx (Reaper ortho-
logue gene) in Aedes aegypti is followed by apoptosis within 6 h of
viral exposure. However, when cells are infected with heavy loads
of viruses, cells eventually undergo necrosis, not apoptosis, in Cu-lex quinquefasciatus [14]. Our data showed that IBM1 gene expres-
sions were up-regulated at 2 h p.i in BmNPV infected BmN cells
and B. mori pupae. The molecular mechanism of apoptosis in a
virus–host interaction is not yet clear, but our results indicate that
pro-apoptotic genes in BmN cells and B. mori pupae were activated
following a BmNPV infection to protect other uninfected host cells
from viral infection.
Most of the baculovirus iap genes encode a BIR motif and a RING
domain, although some appear to be truncated. The BIR motif has
been shown to play an essential role in anti-apoptotic functions. In
addition to the BIR motif, the RING motif, acting as E3 ubiquitin li-
gases, are involved in the transfer of ubiquitin onto speciﬁc protein
targets. We investigated two hypothetical anti-apoptotic proteins,
IAP2 and IE2, from BmNPV containing one BIR and one RING motif.
Immunoprecipitation analysis indicated that IBM, a Reaper ortho-
logue, can interact with IAP2 but not with IE2. This suggests that
IAP2 could bind to IBM1, inhibit apoptosis, thus improve viral infec-
tion and replication. Although co-transfection of IE2 and IBM1 could
suppress cell death in both BmN and Sf9 cells, IE2, a non-RHG pro-
tein, may inhibit cell death through other non-RHG signalling path-
ways. Results obtained in this study show that viral protein IAP2
interacts with IBM1 to block cell death pathway in B.mori. In addi-
tion, there are many other genes that contain a BIR or RING motif
in BmNPV, such as iap1, iap3, and p35, and theymay formcomplexes
involved in the RHG apoptosis pathway or other virus–host interac-
tion pathways to suppress insect anti-viral defence.
Fig. 4. Interaction of IBM1 and BmNPV IAP2. (A) IBM1-RFP (red ﬂuorescence) and IAP2-GFP (green ﬂuorescence) transfected into BmN cells and detected by ﬂuorescence
microscope 48 h p.i. Interaction is shown by the yellow ﬂuorescence of the merged image. (B) Interaction of IBM1 and IAP2 as revealed by co-immunoprecipitation (Co-IP)
with an anti-RFP antibody, followed with Western blot detection using an anti-GFP antibody in BmN cells. The results were conﬁrmed by co-immunoprecipitation with an
anti-GFP antibody followed by Western blotting with an anti-RFP antibody and vice versa. RFP/GFP alone was included as a negative control.
Y. Wu et al. / FEBS Letters 587 (2013) 600–606 605In summary, mitochondrial apoptosis plays a critical role in
baculovirus infected Lepidopteran insect cells. IBM1, as the only
RHG protein which has been identiﬁed in B. mori, not only interacts
with BmIAP1 to regulating apoptosis during development but also
interacts with BmNPV IAP2 as part of the innate immune response
against viral infection.
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